B-cell chronic lymphocytic leukemia (B-CLL) migration involves several molecules, including matrix metalloproteinase-9 (MMP-9) and vascular endothelial growth factor (VEGF). We have studied whether VEGF regulates MMP-9. VEGF significantly reduced MMP-9 protein expression in a dose-dependent manner, measured by gelatin zymography. Blocking the VEGFR2 receptor restored MMP-9 levels, implicating this receptor in the 
Introduction
B-cell chronic lymphocytic leukemia (B-CLL) extravasation and tissue infiltration involve several molecules, including vascular endothelial growth factor (VEGF) and matrix metalloproteinase-9 (MMP-9). [1] [2] [3] [4] [5] [6] B-CLL cells produce both molecules, 7, 8 and we have previously shown that, although constitutive MMP-9 expression is required for cell migration, increasing this expression by binding of exogenously added MMP-9 induces cell arrest. 9 This suggests that MMP-9 levels play an important role in B-CLL cell expansion and localization in tissues. Understanding MMP-9 regulation is therefore crucial to define strategies that prevent B-CLL cell progression. Interestingly, anti-VEGF antibodies decreased MMP-9 expression, 8 suggesting a link between both proteins. As several physiologic stimuli increase VEGF (both autocrine and paracrine) in the B-CLL cell microenvironment, 1, 2 we have studied the functional effects of elevated VEGF levels on MMP-9 expression and B-CLL cell migration.
Methods
Approval was obtained from the review boards of the Hospital Clínico Universitario, Valencia, Spain and the Hospital Universitario Puerta de Hierro, Madrid, Spain for these studies. Informed consent was obtained in accordance with the Declaration of Helsinki.
Patients and cells
CD5 ϩ B lymphocytes were purified from peripheral blood samples from 15 B-CLL patients (supplemental Table 1 , available on the Blood website; see the Supplemental Materials link at the top of the online article) using Ficoll-Hypaque (Nycomed) centrifugation and negative selection with anti-CD3-conjugated Dynabeads (Dynal Biotech ASA). The resulting B-cell population, determined by flow cytometry, was more than 95% CD19 ϩ and more than 90% CD5 ϩ . Human umbilical vein endothelial cells (HUVECs) were provided by Dr M. L. Botella and cultured as described. 5 Additional materials and methods are available as supplemental data.
Results and discussion
To determine whether MMP-9 was regulated by VEGF, B-CLL cells were incubated with or without 20 or 200 ng/mL VEGF for 24 hours and the conditioned media analyzed by gelatin zymography. As shown in Figure 1A for 4 representative samples and quantitated for 7, VEGF induced a significant, dose-dependent down-regulation of secreted MMP-9. At 200 ng/mL (or 150 ng/mL, not shown), MMP-9 average levels were reduced by 2.2-fold compared with untreated cells. Because the VEGF isoform used in our study (VEGF165) binds VEGFR1 and VEGFR2, 10, 11 we aimed to identify the receptor involved in the observed effect. B-CLL cells were incubated with placenta growth factor-1 (PlGF), which selectively interacts with VEGFR1 but not VEGFR2. 12, 13 Figure 1B shows that these cells produced equal amounts of MMP-9 as untreated cells, thus excluding VEGFR1 from the down-modulatory effect. Accordingly, a specific VEGFR2 inhibitor 14 restored the production of MMP-9 by VEGF-treated cells ( Figure 1B ). The online version of this article contains a data supplement.
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We previously reported that MMP-9 is involved in B-CLL cell migration elicited by the CXCL12 or CCL21 chemokines. 5, 6 We therefore studied whether VEGF modulation of MMP-9 affected this migration. Figure 1C and D shows that B-CLL cells migrated through Matrigel or HUVECs (average 35.3% and 34.5%, respectively, Ͼ 90% CD19 ϩ ) in response to CXCL12. VEGF significantly reduced this migration to the basal levels obtained in the absence of chemokine. In agreement with the results shown in Figure 1B , PlGF did not significantly affect cell migration, again implicating VGFR2 and not VEGFR1 in the effect. Indeed, adding the VEGFR2 inhibitor in combination with VEGF restored 70% of cell migration in both systems, compared with untreated cells (Figure 1C-D) . Altogether, these results established that VEGFR2 is responsible for the decreased MMP-9 production in response to VEGF and the subsequent impairment of B-CLL cell migration.
Reverse-transcription polymerase chain reaction studies revealed that MMP-9 down-regulation was at the transcriptional level, as VEGF also significantly reduced MMP-9 mRNA after 1 to 3 hours of exposure (Figure 2A ). VEGFR2 has been shown to bind and induce tyrosine phosphorylation of signal transducer and activator of transcription (STAT) factors 1 and 6, in bovine aortic endothelial cells. 15 In B-CLL cells, the constitutive p-Ser727-STAT1 and p-Ser727-STAT3 interact with VEGFR2 (and VEGFR1), resulting in increased cell survival. 16 STAT1 plays a critical role in MMP-9 gene transcriptional suppression in response to interferons in several cell systems. [17] [18] [19] Interferons were also shown to downregulate MMP-9 production by B-CLL cells, although the mechanism was not elucidated. 8 We studied whether STAT1 was activated by VEGF in B-CLL cells and involved in the subsequent MMP-9 gene and protein suppression. VEGF induced STAT1 tyrosine phosphorylation, detected after 5 minutes of VEGF exposure (not shown) and with maximal levels after 30 minutes ( Figure 2B ), then decreasing after 60 minutes (not shown). In agreement with the results shown in Figure 1 , this effect was completely inhibited by blocking VEGFR2 and was not induced by PlGF ( Figure 2B ). By performing cellular fractionation analyses, we further demonstrated that p-Y-STAT1 translocated to the nucleus in response to VEGF ( Figure 2C) . A previous study did not find p-Ser727-STAT1 in the nucleus after VEGF stimulation, 16 suggesting that Ser727 phosphorylation (which amplifies STAT1 transcriptional activity) may not be necessary for VEGF-induced MMP-9 gene regulation.
To determine whether STAT1 activation was critical for MMP-9 regulation by VEGF, we transfected B-CLL cells with STAT1 siRNA and measured the levels of MMP-9 upon VEGF treatment. VEGF did not affect total STAT1 levels of untransfected cells ( Figure 2D ). STAT1 siRNA transfection reduced STAT1 expression by 40% (average of 3 patients; Figure 2D ), and this was sufficient to restore production of MMP-9 ( Figure 2E ). This effect was not the result of the transfection procedure, as control siRNA-transfected cells had decreased MMP-9 expression on VEGF treatment ( Figure 2E ). STAT1 gene silencing also restored migration of VEGF-treated B-CLL cells, whereas migration remained inhibited on control siRNA-transfected cells ( Figure 2F ). These results therefore show, for the first time, that the VEGF/ VEGFR2 axis induces STAT1 tyrosine phosphorylation and that this is critical for the VEGF effect on MMP-9 expression and cell migration.
Previous studies suggest that VEGF may have an important pathogenic role in B-CLL. Increased bone marrow angiogenesis 20 and VEGF urine and serum levels have been found in B-CLL patients. 7, 20, 21 Autocrine VEGF contributes to B-CLL cell motility 3 as well as survival, as it mediates the antiapoptotic effect of CD154 22 and up-regulates several antiapoptotic genes. 16 We now report a novel role for VEGF in B-CLL, which affects malignant cell migration/arrest and thus disease expansion. The ability to block MMP-9 expression and cell migration was not observed in the absence of exogenously added VEGF, indicating that it requires higher VEGF levels than those constitutively produced by B-CLL cells. Several physiologic stimuli can increase endogenous (hypoxia, 7 CD154 22 ) or exogenous (stromal cells 10, 11 ) VEGF, and these may be particularly important in B-CLL cell niches. Elevated VEGF levels at these sites will therefore contribute to malignant cell accumulation and progression of the disease. The differential effect of low and high VEGF concentrations (perhaps resulting from different VEGFR2 responses) resembles the distinct behavior of high and low MMP-9 levels on B-CLL cell migration that we previously reported, 9 and both molecules, VEGF and MMP-9, may constitute therapeutic targets for B-CLL. 
